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ABSTRACT
THE USE OF SINGLE AND PAIRED SUPPRESSIVE STRAINS OF STREPTOMYCES
SPECIES TO REDUCE SOILBORNE PATHOGENIC POPULATIONS OF
STREPTOMYCES SCABIES AND REDUCE SYMPTOMS AND OCCURRENCE OF
POTATO SCAB DISEASE
By
Michael Jay Peters
Streptomyces scabies is a soil bacterium that infects tuberous and root vegetables
by producing a phytotoxin named thaxtomin. Treatment and prevention methods rely on
applications of various chemicals that add to the expense of raising crops and may harm
the environment and applicator. Modern crop science is investigating the use of naturally
occurring organisms to reduce the need for chemical applications. The use of these
organisms is termed “biocontrol” and holds promise as an environmentally friendly way
to reduce disease. Previous research regarding S. scabies biocontrol used single strains of
bacteria isolated from fields where the disease no longer occurred. These strains, termed
“suppressives” produce antibiotics and other substances that inhibited pathogenic
bacteria. My research furthered the idea of using biocontrol by using a pairing of two
suppressive Streptomyces strains, 10 and 93, to inoculate tubers growing in potato scab
conducive soil with the goal of decreasing the S. scabies population and thereby
decreasing potato scab disease. My study consisted of two greenhouse growth trials
using soil infected with pathogenic S. scabies 87; a known causal agent of potato scab
disease, and treatments of suppressive bacterial strains (Streptomyces strains 10, 93, and a
1:1 mixture of 10 + 93). My results showed a decrease in soil pathogen population size,
but a variable response in disease occurrence. An unexpected result was the recovery of
six strains of suspected Streptomyces.
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INTRODUCTION

Streptomyces species are ubiquitous, soil-dwelling, saprophytic bacteria. They
produce numerous and diverse antibiotic substances, many of which are economically
important. Some Streptomyces produce substances that discourage growth of
competitors. Most strains of Streptomyces species are harmless to humans, some species
are pathogens to plants, and some are added to commercial products to decrease pathogen
growth.
The bacterium Streptomyces scabies is an economically important species which
infects and damages tuberous crops worldwide (Johnson, 2008). This species damages
the tuber by secreting the pathogenicity factor thaxtomin, which inhibits proper cell wall
growth of the plant and causes a scabby appearance of tuberous tissue (Loria et al., 1995).
A heavily diseased tuber is essentially unmarketable (Johnson, 2008).
Current treatments for S. scabies rely on chemical treatment, irrigation, and crop
rotation. Chemical treatment alters the soil system, and some of the chemicals may be
toxic to the grower and to wildlife in the area (Sturz et al., 2004). Irrigation requires
expensive equipment, and is not always a cost effective solution for the grower,
especially in times of drought (Lapwood, 1973). Crop rotation may not be effective at
decreasing pathogen levels as many species of monocots and dicots are host to the potato
scab bacteria (Leiner et al., 1996; Wiggins and Kinkel, 2005). Also, while initial
pathogen loads may be low, populations can grow rapidly to disease conducive levels
(Wang and Lazarovits, 2005).
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Future prevention and treatment regimes may include a process known as
“biological control” (biocontrol). Biocontrol uses living organisms, which are harmless
to crops, to decrease and prevent outbreaks of plant pathogens (Liu et al., 1995). Some
biocontrol agents directly compete for space with pathogens; others may produce
metabolites which are dangerous to the pathogen. Biocontrol agents, when introduced to
a host, grow in population, without damaging their host. Biocontrol agents may be added
directly to the growth medium (e.g., soil) as growing units or propagules, some of which
may colonize the surface of the host plant and prevent pathogens from colonizing (Sherf
and MacNab, 1986). Other agents enter the host tissues, where they secrete chemicals
capable of stopping pathogenic growth; this type of colonizer is termed an “endophyte”
(Krechel et al., 2002; Kunoh, 2002).
This research had two main objectives. The first objective was to verify if potato
scab disease symptoms on tubers could be reduced when planted with a suppressive
strain or pairing of suppressive Streptomyces strains 10 and 93 (Chapter 2). Previous
studies (D. Becker, pers. comm.) suggest that using paired suppressive strains of
Streptomyces species to prevent and treat pathogenic Streptomyces scabies infested fields
may be more effective than using single suppressive strains to prevent potato scab
disease. The second objective was to determine whether added suppressive bacterial
strains colonize the soil and decrease pathogenic bacterial populations. I also assessed
the population size of the pathogenic Streptomyces sp. and the non-Streptomyces species
recovered at the end of both trials (Chapter 3). Chapter 4 describes the effects of six
Streptomyces strains which were recovered from native soil on the growth of S. scabies
87 and several human pathogenic bacteria and potato tuber tissues.
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Chapter 1
LITERATURE REVIEW

The Potato
The potato (Solanum tuberosum) belongs to the Solanaceae family, also known as
the nightshade family. Many species in this family are poisonous but several (tomatoes,
potatoes, tobacco) are important crop species (D'Arcy.1979, 1991). Cultivation of the
potato began approximately 7,000 years ago, and during this time spread from South
America to North America, Australia, Northern Europe and Asia, all while becoming the
fourth most commonly cultivated crop for human consumption (Salaman, 1985; Han et
al., 2005). The potato tuber is a good source of carbohydrates in the form of starches and
contains potassium, vitamin C, and antioxidants. Potato plants are highly productive and
produce up to 54% more protein than wheat on an equivalent amount of land and up to
78% more protein than rice ( Al-Saikhan et al., 1995; Stevenson, 2001).
Potatoes develop vegetatively from a tuber, commonly referred to as a “seed.”
The tuber, an underground stem section, develops one to several stems that become the
main vines (stem) of the new plant (Johnson, 2008). The tuber has one or more “eyes”
upon its surface; the eyes are buds from where aerial stems grow. As the plant matures,
underground stolons spread out from new stem tissue and the terminal portions grow into
new potato tubers. True roots grow below the stolons from the base of the stem
(Stevenson, 2001). Tubers become the main site for carbohydrate deposition and
inorganic nutrient storage; this process is known as “tuber bulking” and is a response
regulated by day length. After approximately 100 growing days, the potato stems begin
3

to die, dry matter in the tubers reaches a maximum, and the skins of the tubers begin to
“set” or thicken (Johnson, 2008).
When properly developed, the skin of the tuber (periderm) protects the tuber from
abrasion, insects, fungi, and bacteria; it is an essential defense against environmental and
biological damage. Located on the periderm are lenticels, which are pores through which
gases pass in and out of the tuber. Lenticels are large enough for gas exchange to occur,
but small enough to keep many microorganisms from the interior tissue (D’Arcy, 1991).
But like any good defense mechanism, there are organisms which have adapted to use
this organ to their advantage.
Streptomyces scabies: the Potato Scab Disease agent
Scab diseases of potato and several other tuberous crops are caused by
Streptomyces bacteria (Lapwood, 1973). Streptomyces are classified as aerobic,
filamentous gram-positive prokaryotes of the order Actinomycetales, family
Streptomycetaceae, and genus Streptomyces. Kutzner (1981) defined family
Streptomycetaceae as having extensively branched, non-fragmented, vegetative mycelia
that form aerial hyphae. Streptomycetes have complex life cycles and spread by mycelia
and by spores, termed conidia (Figure 1.1). The hyphae terminate in chains of 5-50
conidia; each has a thin, fibrous sheath. Streptomyces spp. also have cell walls with L, Ldiaminopimelic acid with glycine in interpeptide bridges, and most streptomycetes
exhibit a guanine + cytosine content ranging from 69 to 73 mol % (Locci, 1994). Species
of Streptomyces exhibit diverse carbohydrate utilization. Some streptomycetes are able
to synthesize melanin from tyrosine. The formation of melanin is a convenient
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identification for Streptomyces species; however, the creation of melanin does not
guarantee the bacterium is indeed a streptomycete (Keinath and Loria, 1990).

Figure 1.1. The complex lifecycle of Streptomyces species (Esther, 2005).
Distribution
Loria et al. (1997) suggested that the geographic distribution of common scab
causing bacteria is nearly as widespread as the crop itself. Common scab can be found in
areas of North America and Europe (Keinath and Loria, 1989), Australia (Pung and
Cross, 2000), India (Mishra and Srivastrava, 2001), Israel (Doering-Saad et al., 1992),
France (Bouchek-Mechiche, 2000), Norway (Bjor and Roer, 1980), Korea (Park et al.,
2003), Japan (Miyajima et al., 1998), the United Kingdom (Cullen and Lees, 2007) and
South Africa (Marais and Vorster, 1988). This wide range is due to the pathogens’
ability to infect multiple species of monocotyledonous and dicotyledonous crops (Leiner
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et al., 1996). To date, S. scabies has been isolated from the following species of plants:
radishes (Raphanus sativas), turnips (Brassica rapa), beets (Beta vulgaris L.), carrots
(Daucus carota L.) rutabagas (Brassica napus L.) and salsify, a European vegetable
(Tragopogon porrifolius L.) (Bouchek-Mechiche et al., 2000; Goth and Webb, 1986;
Goyer and Beaulieu, 1997; Lutman and Johnson, 1915).
Pathogenicity
Research from the 1980s and 1990s illustrated esterase activity in solutions
extracted from pathogenic S. scabies cultures (McQueen and Schottel, 1987; Raymer et
al., 1990). Esterases degrade the waxes, including suberin, in the periderm of the tuber,
thereby allowing easier pathogen entry into the host tissue. Streptomyces species which
cause scab diseases are numerous and have multiple DNA-DNA hybrids. The hybrids
can share various physiological, morphological traits and may cause similar disease
symptoms. This may be due to a common mechanism that most pathogenic Streptomyces
exhibit: i.e., the release of thaxtomins.
The phytotoxin thaxtomin belongs to a broad spectrum family of toxins produced
by pathogenic forms of S. scabies (Leiner et al., 1996). Thaxtomins are dipeptide
phytotoxins, which cause hypertrophy (large size) and necrosis (death) in plant cells
(Bukhalid et al., 1998). A type of thaxtomin was first isolated by King et al., (1989) and
most pathogenic forms of S. scabies seem to produce the toxin (Lawrence et al., 1990).
Hypertrophy in the plant tissue is caused by inhibition of cellulose biosynthesis (Fry and
Loria, 2002; Scheible et al., 2003). There are at least nine different types of thaxtomin,
but thaxtomin A is the most commonly type produced. Thaxtomin A was produced by
one strain of S. scabies in a ratio of 20:1 with a similar compound, thaxtomin B (Loria et
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al., 1995). It is currently believed that S. scabies uses thaxtomin to enter rapidly growing
cells when cellulose in the tissues degrades (Loria et al., 2003).
Production of thaxtomin is not unique to S. scabies alone, and various studies
have inferred that genes coding this toxin were horizontally transferred among the species
(Bukhalid and Loria, 1997; Bukhalid et al., 2002; Healy and Lambert, 1991). Further
attempts to determine routes of pathogenicity in S. scabies located the virulence gene
nec1, which caused the non-pathogen S. lividans 66 Tk24 to become pathogenic
(Bukhalid et al., 1998). Bukhalid et al. (1998) illustrated a high correlation between
phytotoxin production and the nec1 gene in S. scabies, S. turgiscabies, and S.
acidiscabies. It is currently understood that nec1 and thaxtomin biosynthesis genes are
found on the same pathogenicity island (PAI), a portion of a plasmid which is mobilized
during conjugation and may account for the rise in pathogenic species affecting
agricultural environments (Loria et al., 2006).
The pathogenic strains of S. scabies are usually a minority in the soil. One study
reported a relatively low (3.3%-5.8%) proportion of pathogenic S. scabies among a larger
population of actinomycetes (Keinath and Loria, 1989). However, the genes which
confer pathogenic abilities can be horizontally transferred among soil bacteria, and
proportion of pathogenic populations may increase in bacterial communities over time
(Bukhalid et al., 2002; Loria et al., 2003).
Potato scab disease
Mature potato tubers are relatively resistant to pathogenic attack. However,
Adams (1975) showed that middle-aged lenticels are susceptible to pathogenic attack,
and as the internodes (that mature into tubers) develop they pass through a window of
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approximately 1-2.5 weeks during which time they are susceptible to S. scabies infection.
Once the pathogen has penetrated the tuber, it progresses intercellularly, mostly between
susceptible lenticels (Adams and Lapwood, 1978). As the pathogenic cells grow, they
secrete thaxtomin, causing the surrounding cells to suberize. As the cells continue to
suberize, they form a layer of cork, starving and killing healthy cells, which feed the
pathogen (Babcock et al., 1993). As the pathogen continues to multiply, growing tissues
beneath the cork force the infected periderm outward, where visible scab forms.
Scab disease assessment on tubers is highly visual. Initially, a potato scab
infection will visually appear as small (5-8 mm diameter) reddish brown lesions, which
look like wet spaces on the tuber periderm. Scab lesions may converge and cause starshaped, economically detrimental cracks on the surface of the tuber. Stems and leaves
may also exhibit symptoms of infection when inoculated in the lab (Stevenson, 2001).
Potato scabs develop into three types: russet, deep pitted, and common scab
(Healy and Lambert, 1991). Russet scab occurs when the superficial lesions cover large
areas of the tuber. If the infection reaches the interior, starchy tissue of the tuber, shallow
and deep pitted scab may result (Archuleta and Easton, 1981). Periderm may remain
intact over superficial lesions. However, deep lesions may rupture the periderm, causing
damage to deep layers of the tuber. Deep pitted scab wounds may provide entry for tuber
feeding organisms, such as fungi and mites. Loria et al. (1997) suggested multiple
environmental (temperature, pH, moisture) and physiological (nutrient availability)
conditions can affect the type and severity of the disease. Potato scab is generally a low
moisture disease, while russet and netted scabs occur as soil moisture increases (Scholte
and Labruyere, 1985).
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Vector Ecology and Soil Infestation
Streptomyces scabies is a normal component in many soils and may be
transported by arthropods and other soil dwellers (Lambert et al., 2006; Lutman and
Johnson, 1915). For example, Rhizoplyphus mites and Collembola springtails, were
shown to vector Streptomyces species (Storch et al., 1978). Knowledge of how common
soil organisms harbor and transport potato scab and other Streptomyces species is
lacking.
Streptomyces species are able to survive in crop residues as spores and in plant
matter as mycelia, and propagules may survive for a full decade in proper conditions
(Kritzman et al., 1996). Soils without the pathogen may be infected when contaminated
tubers and farm implements are placed in the soil. Johnson (2008) noted that the
pathogen survives travelling through the digestive tract of animals, and manure may be a
vector of the pathogen. Wind may also carry bacterial spores from one field to another
(Brodie et al., 2007).
Prevention and treatment of potato scab disease often relies on one or more of the
following: irrigation, chemicals (pesticides), or crop rotation. However increasing
irrigation can be costly, especially during droughts, chemicals are expensive and may
have serious environmental and human health side-effects, and crop rotation may be cost
prohibitive or ineffective due to S. scabies ability to survive long periods as spores. In
each case, surviving microbes begin a new population and the disease begins anew. This
cycle of infection requires great expenses to remediate; more robust treatment regimes
are needed.
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Biological Control
An alternative, more sustainable treatment utilizes non-pathogenic bacteria to
counter pathogens. This method, termed “biological control”, uses live organisms to
fight disease. Biological control may be successful due to increased competition for
resources (e.g., space, iron, or carbon sources) or antibiotic production, or both (Whipps,
2001). Biological control techniques offer managers an added option when treating crop
disease and it does not necessarily involve adding expensive chemicals and increased
irrigation (Schottel et al., 2001). Bio-fumigation may be an effective way to introduce
biocontrol agents, including suppressive strains of streptomycetes, to the soil creating an
artificially suppressive field (Larkin and Griffin, 2006). In this case, bio-fumigation
involves directly spraying crops and soil with suppressive spores, and may be
incorporated without modifying old equipment or purchasing new tools (Larkin and
Griffin, 2006). Various Bacillus and Streptomyces species are known to inhibit the
growth of S. scabies (Han et al., 2005); these species are worthy of more intense
scientific scrutiny as bio-fumigants.
Streptomyces species that biologically control the growth of S. scabies are known
as “suppressives” (Neeno-Eckwall et al., 2001). Suppressive soils can develop where
potato crops are continually planted and harvested, likely because the
antagonistic/suppressive activity increases as the soils build up pathogenic bacteria, (Liu
et al., 1995). Suppressive strains may inhibit growth by secretion of metabolic products
or by direct competition of available tuber surfaces, but the population density of the
suppressive strain versus the pathogenic strain may change the effectiveness of the
suppression (Lorang et al., 1995; Ryan and Kinkel, 1997). Interspecies communication
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through the use of autoinducers may trigger antibiotic production in suppressive strains
(Becker et al., 1997). This knowledge indicates possible interspecies signaling may
contribute to pathogen suppression, in addition to secretion of secondary metabolites by
the suppressors into the surrounding rhizosphere, thus creating a suppressive soil.
Laboratory studies using suppressive S. diastatochromogenes strain PonSSII and
S. scabies strain PonR showed each strain able to significantly decrease the pathogenic S.
scabies growth (Liu et al., 1995; Neeno-Eckwall et al., 2001). In each experiment tuber
yield was not decreased, and after four years of experimentation the suppressive strains
were re-isolated. An experiment using swine dung as a fertilizer illustrated the
effectiveness of using suppressive bacteria to reduce populations of S. scabies; the active
bacterial species recovered from the manure was S. albidoflavus (Hayashida et al., 1989).
These studies demonstrate the potency of reducing S. scabies using biocontrol.
The goal of biocontrol is prevention of disease without adversely effecting the
environment, and its use must be carefully planned (Simberloff, 2012). Samac et al.
(2003) raised concern that adding antibiotic-producing suppressive bacteria to the soil
may reduce beneficial microorganisms. One study introduced pathogen into a scab
suppressive soil and did not recover the pathogen in large amounts at the end of the study
(Lorang et al., 1989). Presumably the native suppressive bacteria stopped the pathogen
from persisting in the soil. A commercial biocontrol agent, Mycostop®, controls various
rots and wilts on ornamental and vegetable crops; it contains dried spores and mycelia of
Streptomyces griseoviridis Strain K61 (Suleman et al., 2002). Currently, no adverse
effects on an ecosystem are attributed to biocontrol using microorganisms, only
macroorganisms.
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A likely mechanism of biocontrol is communication. A newly discovered
signaling pathway of bacteria has been discovered that allows communication among
individual bacteria, populations of a species, different species, and plants: quorum
sensing (QS) (Waters and Bassler, 2005). This communication is achieved through
means of multiple signaling molecules, and allows organisms to act in unison once a
quorum is reached; they may swarm, reproduce, or exude toxins, all at once. One study
illustrated how bacteria do not have to be present in order to affect the growth of others;
only their signal molecules, termed “autoinducers” (AI) were necessary to cause a change
in other bacteria (Becker et al., 1997).
The knowledge of QS led to the discovery of an opposite but similar phenomenon
known as “quorum quenching” (QQ). By means of QQ, bacteria and fungi are able to
manipulate how other populations of microbes act (Ulrich, 2004). Microbes that employ
QQ use chemicals to destroy AI of competitors and affect the population’s ability to act
in unison. Researchers are currently trying to learn how QS and QQ operate (Chong et
al., 2012, Dong et al., 2007). Data on how various bacterial populations react and adapt
to one another may lead to more powerful and continual ways to manage disease.
The addition of microorganisms to soil as disease control agents may offer a
better alternative than adding synthetic compounds to the soil for disease management
and general environmental health (Krechel et al., 2002; Weller et al., 2002). Adding
bacteria to agricultural soil may provide a more dynamic, continual management option
for agricultural disease by causing a more hostile microbiological climate to pathogens,
one that lasts season to season, without requiring dangerous chemicals (Wanner, 2007).
Myriad microbial interactions occur in a healthy soil, and using biocontrol instead of
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synthetic compounds, may provide a safer, more natural way to ensure healthy food
production for future generations.
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Chapter 2
POTATO SCAB DISEASE REDUCTION VIA SINGLE AND PAIRED
SUPPRESSIVE STRAINS OF STREPTOMYCES

ABSTRACT
This study was performed to determine if pairing two suppressive strains of
Streptomyces would effectively reduce potato scab disease in the soil as previously
shown in petri dish bioassays. Two strains (10 and 93) of Streptomyces bacteria which
exhibited synergistic abilities to inhibit the growth of Streptomyces scabies 87 in vitro
were inoculated into 19 liter containers filled with pathogenic soil and seed potatoes. A
positive control (pathogen only) and three treatments (Strain 10, 93, or 10 + 93) were
used. Scab severity was based on percent of tuber covered with lesions, number of
lesions, and severity of scab lesions formed. No difference was detected in potato scab
disease severity during Trial 1 (d.f. = 3, 36, F = 0.710, sig. = 0.552) or Trial 2 (d.f. = 3,
56, F = 2.711, sig. = 0.054). A secondary analysis used arc-sine square root transformed
data to analyze marketable vs. unmarketable tubers (marketable = scab ratings of 0, 1, or
2 and unmarketable = scab ratings of 3, 4, or 5). Trial 1 marketability was not
significantly different by treatment (d.f. = 3, 36, F = 0.868, ig. = 0.467). Trial 2
marketability did not vary by treatment (d.f. = 3, 56, F = 1.715, sig. = 0.714). No change
was detected on disease severity by exposing tubers to suppressive strains of
Streptomyces species prior to exposure with pathogenic S. scabies 87.
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INTRODUCTION
Bacteria from the Streptomyces genus are common soil inhabitants. Most are
harmless saprophytes but one, S. scabies, causes potato (common) scab disease on
tuberous crops worldwide. This disease causes a scabbed and pitted appearance of
infected tissue, by invading susceptible lenticels and secreting a compound which
interferes with cell wall development (Loria et al., 1995; Johnson, 2008). Treatments to
reduce the disease include adding chemicals, increasing irrigation, and crop rotation
(Sturz et al., 2004; Lapwood, 1973; Leiner et al., 1996; Wiggins and Kinkel, 2005).
While each of these methods can be effective, the added expenses may make them
unfeasible for some growers, and if the treatment is halted, a low initial population may
reach disease-causing size rapidly (Wang and Lazarovits, 2005).
An alternative treatment, called “biological control” (biocontrol), utilizes living
organisms to inhibit the growth of pathogens. The use of bacteria from the Streptomyces
genus have been shown by several researchers to have promising, but variable abilities to
stop potato scab disease (Liu et al., 1995; Loria et al., 1995). In a formerly scab infested
soil, researchers were unable to re-establish a pathogenic population because the
suppressive population had become the majority (Liu et al., 1995). Could adding
suppressive bacteria to the soil diminish and overwhelm pathogenic populations of
bacteria (Keinath and Loria, 1989)?
My goal with this study was to look for synergy between two biocontrol agents
(suppressive Streptomyces strains 10 and 93), against a plant pathogen; Streptomyces
scabies 87. The suppressive strains chosen likely use the bacterial language known as
“quorum sensing” (QS) to complement one another’s growth (Becker et al., 1997). The
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use of multiple biocontrol agents may result in more consistent, sustained biocontrol
(Whipps, 2001; Schottel et al., 2001; Fray, 2002; Weller et al., 2002).
A previous study tested the ability of using paired, suppressive Streptomyces, to
inhibit the pathogen in petri dish assays but this study used a more realistic setting: a
biologically diverse soil system. The suppressive strains used in this study, Streptomyces
strains 10 and 93, were used to demonstrate how some bacteria enhance one another’s
antibiotic abilities; the strains produce more antibiotics in the presence of one another,
without harming one another (D. Becker, unpublished). The suppressive species used in
this study were used in co-plate assays in vitro to enhance one another’s suppressive
abilities; however, co-plate bioassays do not accurately mimic the diverse microbial
community found in the soil.
My study was built upon previous studies on a concept called “quorum sensing”.
Quorum sensing is how populations of bacteria communicate; it relies on a series of
secreted molecules, termed “autoinducers” (AI), that make up a bacterial “language” and
allow the population to act cohesively, whether to move, reproduce, or exude toxins like
thaxtomin (Khmel and Metlitskaya, 2006).
The true strength of QS does not just allow many bacteria to communicate; it
allows the colony to act as a single organism (Waters and Bassler, 2005). Quorum
sensing works by mediating gene expression. Once a certain threshold (quorum) of AI’s
is reached by the bacterial community, its’ members rapidly adapt to environmental
stimuli such as, drought, new sources of nutrition, or possible predators and competitors
(Khmel and Metlitskaya, 2006). Eventually, it may be possible to use artificial AI’s to
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cause pathogenic bacteria to act differently than what would be considered the
populations best interest, or block communication altogether (Fray, 2002).
This study tested the abilities of the strains to continue their suppression of S.
scabies 87 and enhancement of each strain’s suppressive ability in a pathogenic soil and
in the presence of the host plant and diverse soil flora. Previous studies demonstrated the
ability of various Streptomyces strains to decrease and prevent scab formation on
agricultural crops; some with high success rates (Wiggins and Kinkel, 2005; Liu et al.,
1995; Lorang et al., 1995; Schottel et al., 2001). These studies suggest that biocontrol by
using strains of suppressive Streptomyces is a plausible, alternative treatment for
controlling potato scab disease.
MATERIALS AND METHODS
Antibiotics and Agars
Media formulations for all antibiotics and agars used during this experiment are
found in Appendix A.
Bacterial strains and culture maintenance
Streptomyces scabies 87 was the pathogenic strain used in this study and was
originally isolated from a scab conducive field in WI (Ryan and Kinkel, 1997).
Suppressive Streptomyces strains 10 and 93 were previously studied for their abilities to
inhibit pathogenic growth, both singly and paired, in vitro. (D. Becker, unpublished) The
suppressive strains were first acquired from potato scab lesions from infected potato
fields located in Becker and Grand Rapids, MN. The pathogenicity of each strain was
confirmed or disproved by potato “minituber” tests and in thaxtomin production assays
(Liu et al., 1995; Ryan and Kinkel, 1997). Cultures were grown on OA (Lorang et al.,
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1995) at 29°C for two weeks, spores and mycelia were harvested by adding 10 mL of
sterile 20% glycerol solution onto the plate, scraping the spores and mycelium with a
sterile loop, and pipetting the solution into cryotubes.
Making Stock Cultures of Streptomyces Bacteria
Cryotubes of Streptomyces spores were removed from -20°C freezer vials. The
vial was thawed, then vortexed for 10 seconds. One hundred µl of a thawed spore
suspension was pipetted onto an oatmeal agar plate (OA), and spread with a flame
sterilized glass rod to grow a bacterial lawn. The plate was incubated at 29°C until good
spore formation was visible (5-7 days). Streptomyces spores were scraped off the plate
using a sterile swab and transferred to a sterile test tube containing 10 ml of 20%
glycerol. The swab was twirled vigorously to dislodge spores, then vortexed for 30
seconds. These stock cultures were stored in a -80°C freezer until needed. One ml of
each bacterial species stock suspension was placed into each sterile cryotube for future
research.
Preparing inoculum
Inocula were prepared by growing each strain individually in metal trays
containing 3000 cc of medium sized vermiculite (VC) and 900 ml of oatmeal broth (OB).
Each tray was covered with two layers of aluminum foil. The trays were autoclaved for
45 minutes twice during a 48-hour interval prior to inoculation with Streptomyces strains.
The 10 ml spore suspension (in 20% glycerol) prepared from previously cultured OA
spread plates was added to each tray at two points equidistant from the center by piercing
the innermost layer of foil with a sterile, 12 cc syringe. After re-covering the tray with
foil, trays were incubated for four weeks at approximately 28°C and shaken weekly to
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aerate the VC and distribute spores. The contents were transferred to experimental pots to
form a pathogenic (S. scabies 87 infected) soil or left until planting to use as a
suppressive inoculum (Streptomyces strains 10 and 93).
Test for contamination
The trays were checked for contamination after the inocula grew for two weeks.
The inocula were sampled under laminar flow by pulling the double layer back, and a
small amount of VC was removed from the left and right sides of the inoculum tray. The
VC was sprinkled onto OA plates with a spatula and incubated at 29°C. Trays that
exhibited no contamination (off-color bacterial or fungal growth) were used to create the
inoculum used during the study.
Dilution Plating of Inoculum
Previously grown inoculum was stirred with a flame-sterilized spatula to break
large clumps and evenly distribute mycelia and spores. Four cc of inoculum were
transferred to a 15-cc conical tube. Ten ml of sterile dH2O were added to the tube, and
the mixture was vortexed for one minute. One hundred microliters (μl) of the solution
was transferred to a 20-ml test tube containing 9.9 ml of dH2O, then vortexed for 15 s.
From the second tube, an additional 100 µl was transferred to a third tube containing 9.9
ml of dH2O and vortexed for 15 s. This process was continued until a final dilution of
10-6 of the first dilution was created. A spread plate was made from 100 µl of each serial
dilution tube, in duplicate. The plates were incubated at 29°C for five days, and then
stored at 4°C until colony forming unit (cfu) assessment.
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Seed Potato Preparation
Similarly sized Michigan certified seed potatoes (cultivar russet Burbank) were
rinsed under running tap water, and then placed in a pan containing 1% bleach solution
for one minute. The sterilized seed potatoes were rinsed with sterile dH2O and placed in
a sterile metal pan to dry. Large potatoes were cut in half, lengthwise and each piece had
more than one eye.
Planting and growth
Field soil was steam pasteurized for two hours on two consecutive days to kill
seeds and invertebrates. Two pots of pasteurized soil, one pot of perlite, and pathogenic
inoculum was added and blended using a cement mixer for 10 minutes, thus making the
pathogenic soil. All pots in my study were 19 L. The mixture was poured into pots, and
the procedure was repeated until enough soil was made for each trial. The targeted cfu
density of all inocula and pathogenic soil was 3.0 x 105 cfu/g, except for the paired
suppressive treatments which were comprised of 1.50 x 105 cfu/g of inoculum from
Streptomyces strain 10 and 1.50 x 105 cfu/g of inoculum from Streptomyces strain 93.
The population density of 3.0 x 105 cfu/g was shown by Liu et al. (1995) to induce scab
formation on potato tubers. The trowel used to dig a seed tuber hole in the soil was
cleaned and sprayed with 70% EtOH solution after each planting, and soaked for two
minutes in 70% ethanol prior to planting a new tuber. A surface sterilized seed potato
piece was placed in the hole and covered with suppressive Streptomyces inoculum
(Figure 2.1). A squirt bottle containing sterile dH2O was used to rinse all inoculum out of
containers. Pots were labeled, watered, and placed in a completely randomized design in
the research greenhouse. Plants were watered when leaves showed stress (wilt), and all
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pots were watered for the same amount of time (e.g., four seconds per pot). After plant
growth, potatoes were carefully removed, and then stored at 4°C until the disease severity
was rated. Gloves were changed after removing all tubers from a pot to prevent cross
contamination.

Figure 2.1. 19 L pots were used to raise all plants in the greenhouse.

Tuber Disease Assessment:
The percent coverage of the potato by disease symptoms was visually estimated to
assess disease severity. Severity of the disease was rated (Table 2.1) by counting surface,
superficial, and deeply pitted lesions using methods modified from those of Liu et al.
(1995). Each potato was weighed, and length, width, and incidence of various disease
manifestations (pits and coalescences) were recorded.
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Table 2.1. Scab rating system used to evaluate recovered tubers from suppressive
Streptomyces study greenhouse trials.
Scab Rating
0
1
2
3
4
5

Rating Criteria (Modified from Liu et al., 1995)
Tuber is disease free.
Tuber has scab coverage <50%. Periderm is intact.
Tuber has scab coverage >50%. Periderm is intact.
Tuber has 1-3 pits which reach below periderm, may have scab coverage.
Tuber has >3 pits, some may converge and form a coalescence.
Tuber has multiple coalescences.

STATISTICAL ANALYSIS
PASW version 18.0.0 for Windows (IBM Corporation, Somers, NY) was the
statistical program used to analyze all data. General linear modeling (GLM) was used to
compare mean scab disease rating among treatments by Streptomyces strain (Strain 10,
93, or 10 + 93). The first analysis was blocked by trial and treatment. Following
analyses were blocked only by treatment due to differences between trials. These tests
determined the significance (α = 0.05) of pairing suppressive strains of Streptomyces to
reduce potato scab disease versus using single suppressive strains.
RESULTS
The disease severity did not vary by treatment with suppressive strains in either
trial (Figures 2.2 and 2.3). Trial 1 severity did not differ from treatments with any
suppressive or pairing of suppressive Strains 10 or 93 (d.f. = 3, 36, F = 0.710, sig. =
0.552) (Table 2.2). Figure 2.5 shows some representative tubers recovered from Trial 1.
Trial 2 potato scab severity was not affected by treatment with single suppressive or
paired suppressive strains (d.f. = 3, 56, F = 2.711, sig. = 0.054) (Table 2.3).
Additional tests were performed to find out if the marketability was affected by
treatment. Scab ratings of 0-2 are considered marketable and scab ratings 3-5 are
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considered too heavily damaged for marketing by the grower (Liu et al., 1995). Trial 1
marketability was not significantly different by treatment with suppressive or paired
strains of Streptomyces Strains 10 or 93 (d.f. = 3, 36, F = 0.868, sig. = 0.467) (Table 2.4)
(Figure 2.7). Trial 2 marketability was not affected by any of the treatments (d.f. = 3, 56,
F = 1.715, sig. = 0.174) (Table 2.5) (Figure 2.7). A histogram of tuber disease rating by
treatment and trial was made to illustrate the difference in disease due to treatments with
suppressive strains (Figure 2.6).
The weights of recovered tubers from Trial 1 were not affected by the treatments.
However, tubers from Trial 2 were significantly different (d.f. 3, 56, F = 2.788, sig. =
0.049) (Table 2.7). A Tukey’s post-hoc analysis revealed that tubers treated with the
suppressive pairing were significantly heavier than those from the control group (Tukey’s
post-hoc, sig. = 0.040) (Table 2.8; Figure 2.9).
DISCUSSION
Potato scab disease severity did not decrease during either trial. Tubers
inoculated with single suppressive strains (Strains 10 or 93) of Streptomyces had the
same disease severity as tubers not inoculated. Decreases in disease were attributed to
single suppressive strains in other studies (Lorang et al., 1995; Schottel et al., 2001).
Each of these authors concluded that adding a suppressive strain of Streptomyces to scab
infested soil may be an effective way to combat potato scab but acknowledge that
biocontrol adding suppressive strains to the soil did not always cause suppression of
disease.

33

Previous laboratory studies used paired suppressive strains to decrease S. scabies
growth on petri dishes in vitro (D. Becker, unpublished), but my study tested how the
suppressives would act in a microbial diverse system (the soil) while in the presence of
the host plant. Laboratory co-plate assays found that paired suppressive strains were
more successful at S. scabies growth inhibition. However, the bioassays did not
accurately mimic diverse microbial communities inhabiting the soil and the rhizosphere.
I raised potatoes in a greenhouse soil to create a more realistic environment for the
bacteria to grow. The results from this study reflect how the Streptomyces strains react to
one another in the real world. My results did not verify any statistically significant
disease reducing ability by adding suppressive bacteria to the diseased inoculum. There
are many reasons the hypothesized biocontrol did not occur.
Plants are able to sense microbes in the soil. They may monitor the autoinducers
that are put into the rhizosphere and react accordingly. Plants can alter compounds in the
rhizosphere to favor certain bacteria and are able to release sugars; plants can farm
microbes in the rhizosphere using QS compounds and nutrient deposition. Researchers
plan to artificially manipulate bacterial societies that infest potatoes and other crops based
on the theory of quorum sensing in much the same way (Fray, 2002).
The bacteria recovered in this study may have sensed other species through QS,
and caused them to release chemicals (antibiotics) to better compete with their neighbors,
regardless of whether the other bacteria were suppressive strains or not. At least 10 other
species of bacteria were recovered from the pots, including one which dominated this
study. This unidentified Bacillus species was extremely fast growing (and foul smelling).
Bacillus species are very prominent soil microbes and also produce many QS compounds
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(Han et al., 2005). A suspected Bacillus species was isolated from petri dishes during my
study and its rapid growth rate and general immunity to the suppressive strains may have
greatly decreased the Streptomyces biocontrol effectiveness; Streptomyces strains 10 and
93 may have been out competed by a native, non-pathogen (Figure 2.5).
The environmental conditions likely affected the growth of the potato tubers.
Trial 1 was planted in the late spring of 2008 and the NMU greenhouse was much
warmer inside than the potatoes preferred environment. The greenhouse cooling shades
were non-functional and sunlight entering the greenhouse caused the temperature to
remain above 38°C for several hours a day, weeks at a time. A white-fly infestation
added to the trouble of the high temperatures, and all potato plants showed signs of
parasitism by the insects (spots on leaves, insect waste, and leaf fungus). Tubers from
Trial 1 were smaller than expected, and this was likely due to the extra stresses caused by
the greenhouse conditions in addition to the shorter growth period (six weeks during Trial
1 vs. nine weeks during Trial 2), however tuber weights were significantly greater in
Trial 2 (Figure 2.9). The combination of heat stress and treatment may have led to greatly
increased competition instead of cooperation between the suppressive strains of bacteria,
reducing the abilities of Streptomyces strains 10 and 93 to inhibit pathogen growth.
This portion of the study may imply an inability of suppressive bacteria to thrive
under warmer soil temperatures, or may reflect the potato plants’ inability to thrive under
unfavorable conditions, likely both. Alternatively, the heat stress and soil temperature
may have caused the suppressive strains to reside in the soil strictly as spores. It is
important to realize Streptomyces strains 10 and 93 were recovered during both trials, and
were considered successful colonizers of the experimental soil.
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Trial 2 was planted in the spring of 2009, and the greenhouse temperatures were
much more stabile; the shade system was repaired and the greenhouse temperature was
usually no higher than 30°C. The white-fly infestation did not occur and damage due to
parasitism was not observed. Under the more favorable soil conditions of Trial 2, it was
anticipated that the suppression would have been more successful than Trial 1, but it was
not different. Figures 2.2 and 2.3 illustrate how the cfu of pathogen were decreased,
possibly due to the presence of added suppressive strains. Additionally, the weights of
tubers recovered from Trial 2 were significantly greater, which implies using these
suppressive strains can increase crop yield; this is a definite bonus to the farmer (Table
2.7).
Additional studies using greater cfu’s of suppressive Streptomyces may show
increased biocontrol and weight gain by tubers raised in pathogenic soils. The results
from my study do show both biocontrol ability and increased tuber weights during Trial
2. New studies should be performed using greater amounts of cfu’s of suppressive
strains. Also, new studies using newly found isolates exhibiting suppressive abilities
should be incorporated.

36

Table 2.2. The severity of potato scab disease did not vary by treatment during Trial 1
(d.f. = 3, 36, F = 0.710, sig. = 0.552).

Tests of Between-Subjects Effects
Dependent Variable – Tuber Disease Rating: Trial 1
Source
Type III
Sum of
Mean
Noncent. Observed
Squares
df
Square
F
Sig. Parameter Powerb
Corrected
2.900a
3
.967
.710
.552
2.131
.185
Model
Intercept
240.100
1
240.100 176.400
.000
176.400
1.000
trt1
2.900
3
.967
.710
.552
2.131
.185
Error
49.000
36
1.361
Total
292.000
40
Corrected
51.900
39
Total
a. R Squared = .056 (Adjusted R Squared = -.023)
b. Computed using alpha = .05
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Table 2.3. The severity of potato scab disease did not vary by treatment during Trial 2
(d.f. = 3, 56, F = 2.711, sig. = 0.054).

Tests of Between-Subjects Effects
Dependent Variable – Tuber Disease Rating: Trial 2
Source
Type III
Sum of
Mean
Noncent. Observed
Squares
df
Square
F
Sig. Parameter Powerb
Corrected
4.183a
3
1.394
2.711
.054
8.134
.628
Model
Intercept
476.017
1
476.017 925.588
.000
925.588
1.000
treat2
4.183
3
1.394
2.711
.054
8.134
.628
Error
28.800
56
.514
Total
509.000
60
Corrected
32.983
59
Total
a. R Squared = .127 (Adjusted R Squared = .080)
b. Computed using alpha = .05

Table 2.4. No significant difference was found on the percent of marketable vs.
unmarketable tubers due to treatment in Trial 1 (d.f. = 3, 36, F = 0.868, sig. = 0.467).
Data were arc-sine square-root transformed prior to analysis. Tubers with 0-2 scab rating
are marketable and tubers with 3-5 rating are unmarketable.
Tests of Between-Subjects Effects
Dependent Variable – Difference of Treatment on marketable vs.
unmarketable tubers: Trial 1
Source
Type III Sum
Mean
of Squares
df
Square
F
Corrected
.661a
3
.220
.868
Model
Intercept
28.014
1
28.014 110.281
trt
.661
3
.220
.868
Error
9.145
36
.254
Total
37.820
40
Corrected
9.806
39
Total
a. R Squared = .067 (Adjusted R Squared = -.010)
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Sig.
.467
.000
.467

Table 2.5. No significant difference was found on the percent of marketable vs.
unmarketable tubers due to treatment in Trial 2 (d.f. = 3, 56, F = 1.715, sig. = 0.174).
Data were arc-sine square-root transformed prior to analysis. Tubers with 0-2 scab rating
are marketable and tubers with 3-5 rating are unmarketable.

Tests of Between-Subjects Effects
Dependent Variable – Difference of Treatment on marketable vs.
unmarketable tubers: Trial 2
Source
Type III Sum
Mean
of Squares
df
Square
F
a
Corrected
1.074
3
.358
1.715
Model
Intercept
32.241
1
32.241 154.463
trt
1.074
3
.358
1.715
Error
11.689
56
.209
Total
45.004
60
Corrected
12.763
59
Total
a. R Squared = .084 (Adjusted R Squared = .035)

Sig.
.174
.000
.174

Table 2.6. No difference was found among tuber weights during Trial 1 (d.f. = 3, 36, F =
0.807, sig. = 0.498).

Tests of Between-Subjects Effects
Dependent Variable: Tuber weight – Trial 1
Source
Type III Sum
Mean
Noncent.
of Squares df Square
F
Sig. Parameter
a
Corrected
8.493 3
2.831
.807 .498
2.421
Model
Intercept
2146.372 1 2146.372 611.821 .000
611.821
trt1
8.493 3
2.831
.807 .498
2.421
Error
126.294 36
3.508
Total
2281.159 40
Corrected
134.787 39
Total
a. R Squared = .063 (Adjusted R Squared = -.015)
b. Computed using alpha = .05

39

Observed
Powerb
.206
1.000
.206

Table 2.7. Weights among recovered tubers were found to vary significantly due to
treatment with suppressive strains of Streptomyces strains (d.f = 3, 56, F = 2.788, sig. =
0.049).
Tests of Between-Subjects Effects
Dependent Variable: Tuber weight – Trial 2
Source
Type III Sum
Mean
Noncent.
of Squares df
Square
F
Sig. Parameter
a
Corrected
312.523 3
104.174
2.788 .049
8.364
Model
Intercept
21316.334 1 21316.334 570.464 .000
570.464
treat2
312.523 3
104.174
2.788 .049
8.364
Error
2092.533 56
37.367
Total
23721.391 60
Corrected
2405.057 59
Total
a. R Squared = .130 (Adjusted R Squared = .083)
b. Computed using alpha = .05
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Observed
Powerb
.642
1.000
.642

Table 2.8. Tukey’s post-hoc analysis of weight from tubers recovered during Trial 2.
The tubers recovered from the paired treatment (2) were significantly heavier than the
control, but not different from tubers treated with single strain (10 or 93) (Tukey’s HSD,
sig. = 0.040).
Multiple Comparisons
Tuber weight – Trial 2
Tukey HSD
(I) treat2 (J) treat2 Mean Diff.
(I-J)
1.00
2.00
-6.12*

.835
.306
.040
.239
.757
.835
.239
.798
.306
.757

-7.7863
-9.8263
.2097
-1.6663
-3.7063
-4.0343
-10.1543
-7.9503
-1.9943
-8.1143

4.0343
1.9943
12.0303
10.1543
8.1143
7.7863
1.6663
3.8703
9.8263
3.7063

10.00
2.04
2.232 .798
Based on observed means.
The error term is Mean Square(Error) = 37.367.
*. The mean difference is significant at the .05 level.

-3.8703

7.9503

2.00

10.00

93.00

10.00
93.00
1.00
10.00
93.00
1.00
2.00
93.00
1.00
2.00

-1.87
-3.91
6.12*
4.24
2.20
1.87
-4.24
-2.04
3.91
-2.20

95% Confidence Interval
Std. Error Sig. Lower Bound Upper Bound
2.232 .040
-12.0303
-.2097
2.232
2.232
2.232
2.232
2.232
2.232
2.232
2.232
2.232
2.232
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Figure 2.1. Mean scab ratings from recovered tubers of Trial 1. Bars having the same
letter are not significantly different (GLM, sig. < 0.05). 1 = Control, 2 = Paired
suppressives, 10 = Strain 10, 93 = Strain 93

Figure 2.2. Mean scab ratings from recovered tubers of Trial 2. Bars having the same
letter are not significantly different (GLM, sig. < 0.05). 1 = Control, 2 = Paired
suppressives, 10 = Strain 10, 93 = Strain 93
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Figure 2.3. Representative sample of scabby tubers recovered from Trial 1.

Figure 2.4. The tuber scab disease ratings on recovered tubers by treatment and trial.
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Figure 2.5. Arcsine square-root data comparing the percent marketable tubers by
treatment. Trial 1 tubers (Table 2.4) and Trial 2 tubers (Table 2.5) were not found to
differ in marketability due to treatment. 1 = Control, 2 = Paired suppressives, 10 = Strain
10

Figure 2.6. The gram + Bacillus species that over grew many bacterial colonies on petri
dishes (gram stain at 1000X magnification).
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Figure 2.7. Tuber weights were different among treatments with suppressive strains of
Streptomyces bacteria after 9 weeks of growth (Trial 2). Tubers from the paired
treatment are significantly heavier than tubers from the control treatment, but not
different from single suppressive treatments.
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Chapter 3
THE REDUCTION OF PATHOGENIC STREPTOMYCES SCABIES POPULATIONS
BY INTRODUCING SUPPRESSIVE STREPTOMYCES SPECIES INTO THE SOIL

ABSTRACT
Non-pathogenic strains of Streptomyces species have been used to stop growth of
the potato scab pathogen in vitro and the abilities of several strains, termed
“suppressives” are well documented. Although pairings of suppressive Streptomyces
elicit synergistic effects with one another in vitro, their ability to synergistically decrease
potato scab pathogen populations in the rhizosphere has not been explicitly studied. This
study explored the use of two suppressive strains of Streptomyces (10 and 93) singly and
paired in greenhouse studies. Two growth trials were performed using four treatments
(pathogen only, Streptomyces strain 10, Streptomyces strain 93, and a 1:1 pairing of 10 +
93). The cfu recovery was significantly different by trial: Trial 1 and Trial 2 were
analyzed separately (d.f. = 1, 96, F = 9.950, sig. = 0.002). The pathogenic population
was not significantly different during Trial 1 due to any treatment (d.f. = 3, 32, F = 1.500,
sig. = 0.233). The pathogenic population was significantly different during Trial 2 (d.f. =
3, 56, F = 8.239, sig. < 0.001). The cfu’s of resident microbiota did not vary significantly
from Trial 1 (d.f. = 3, 31, F = 1.177, sig. = 0.334) or Trial 2 (d.f. = 3, 56, F = 1.509, sig. =
0.222).
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INTRODUCTION
Prevention and treatment of agricultural disease has burdened farmers since
mankind first changed from hunter-gatherer to agrarian based society. Adding organic
items to the soil to increase crop yield is not a new idea. Animal waste has been added as
a fertilizer for centuries, but the use of chemicals to enhance crop growth or prevent/treat
disease is much newer. Modern chemistry allowed the farmer to increase crop growth,
but also caused heavy reliance on synthetic additives to treat and prevent disease. These
treatments target specific crops and pests, but may have unknown side effects on the
person applying the treatment and on the environment in general. Recently, discussions
have centered on more natural ways to treat and prevent crop diseases; one of the ideas is
known as “biological control” (biocontrol). This technique utilizes naturally occurring
organisms to decrease and prevent disease.
Biological control is an elegant means of decreasing agricultural disease and
preliminary studies seem promising (McQueen et al., 1987). Studies which utilize this
technique illustrated the ability of biocontrol to reduce various diseases including potato
(common) scab, a disease caused by pathogenic strains of Streptomyces scabies (Lorang
et al., 1995). A four-year study by Liu et al. (1995) reduced the pathogenic population
size enough to stop potato scab disease from forming; the pathogen was essentially
nullified by the biocontrol agent. The bacteria used to control the disease belonged to the
same genus as the causal agent: both were Streptomyces species.
Numerous laboratory experiments were performed using strains of nonpathogenic
Streptomyces that were previously shown to decrease growth of the pathogen. The
successes of field trials gave rise to the search for other suppressive strains and the
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approach of using two suppressive strains together. In laboratory trials, suppressives
were able to decrease pathogenic growth better when grown together than when grown
separately (Becker et al., 1997, D. Becker, unpublished.). The co-plate assays which
used one suppressive strain overlaid with another increased suppression more than single
suppressive strains. But how would the species react to one another in a
microbiologically diverse habitat: the soil?
My study examined the effect of suppressive Streptomyces strains 10 and 93,
singly and paired, on pathogenic Streptomyces scabies 87 in the soil. This study tested
the hypothesis that inoculating soil (as compared to a petri dish) with pathogenic
Streptomyces, and then co-inoculating potato tubers with suppressive Streptomyces
strains 10 and 93 would decrease the pathogenic population in the soil. Agar plate bioassays that used one suppressive strain overlaid with another suppressive strain showed
stronger abilities of stopping pathogenic growth that single suppressive strains. This
experiment investigated whether the increased suppression exhibited by the pairings
would continue in the microbial diverse soil.
This study was designed to determine whether the suppressive strains added to the
soil were able to 1) survive and colonize the pathogenic soil and 2) decrease pathogenic
populations in the rhizosphere. The impact the added suppressive strains had on the
native microbiota was also examined.
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MATERIALS AND METHODS
Potato Growth Trials
Two, separate growth trials were performed in the Northern Michigan University
greenhouse. The potatoes were treated with one of four possible treatments and placed in
a completely randomized design with 10 replicates (Trial 1) or 15 replicates (Trial 2).
Trial 1 suffered a massive white fly and aphid infestation and intense environmental
stress due to malfunctioning greenhouse equipment and plants grew for six weeks or 9
weeks. Trial 2 plants grew 9 weeks, and plants senesced according to plan. The full
details of this experiment are described in chapter 2.
Antibiotics and Media Recipes
All antibiotics and media were created using the directions found in Appendix A.
Soil Analysis
To recover colony forming units of Streptomyces, soil samples were mixed with
YELS, sonicated for two minutes to release microbes and spores from the soil particles,
and then incubated at 40°C for 20 minutes. Spread plates created with this method of cfu
isolation had fewer contaminant bacteria and fungi than plates using water as the dilutant
(Becker and Kinkel, 1999).
Ideally, potato tubers are allowed to grow for 12 weeks. However during Trial 1,
the soil samples were removed after only 6 weeks; while the second trial lasted 9 weeks.
Soil samples from each trial were analyzed using the same method. Soil samples were
removed immediately prior to tuber collection. Sampling sites were located by
indentifying the largest vine of the potato plant. The topsoil was removed from that
location until roots were visible and a nine cm soil borer was pushed into the soil to
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remove a sample. This was completed for each of four sample points located around the
largest vine. All four soil samples were mixed 1 minute by hand and stored in zip-loc™
bags. Two sets of soil borers were used to collect soil to allow sufficient time to sample
and sanitize between sampling. Seventy percent ethanol was sprayed through the corer
after each sampling event to remove stuck on bits of soil and organic matter. Each borer
was soaked in 70% EtOH between sampling and considered sterile for each sampling
event. Sample bags were labeled and placed in a walk-in cooler at 4°C.
Five grams of soil were removed for processing, placed into plastic weigh boats,
and covered with a double layer of sterile cheesecloth. Each sample was allowed to air
dry in the lab at 23–25°C for 96 hours; this extended drying period decreased fungal and
Bacillus sp. contamination more than the 24-hour period recommend in literature (Becker
and Kinkel, 1999). After air drying, the soil sample was placed into 50 ml of YELS,
sonicated for two minutes to dislodge spores, and placed in a rotary shaker at 175 rpm for
20 minutes at 40°C.
One ml of sample solution was added to 9.0 mL of sterile, de-ionized water (DI)
in a test tube and vortexed for 15 seconds. One ml of the new sample was added to
another 9.0 mL test tube of DI and sampled again. This serial dilution was carried out to
10-5 for each soil sample, in duplicate. One hundred μL of each duplicate serial dilution
was spread on OATA plates; one plate for each dilution tube, using a flame sterilized
glass spreader and incubated for five days at 29°C.
Petri-dish colonies were counted using a colony counting tool. Colored sharpies
were used to annotate yeast, fungal, and bacterial colonies (Streptomyces scabies 87,
Streptomyces strain 10, Streptomyces strain 93, or non-Streptomyces bacteria). Petri-
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dishes with growth between 30-300 colonies were counted; plates with less than 30
colonies total (S. scabies, suppressives, or other) or more than 300 were discarded. Any
plate which exhibited colonies of suspected, other Streptomyces strains was set aside, and
a subculture of the suspected colony was removed for later growth and observation. The
cfus of resident microbes were also counted.
STATISTICAL ANALYSIS
PASW Statistics 18 for Windows (IBM Corporation, Somers, NY) was the
statistical program used to analyze all data. Univariate ANOVAs were used to compare
the number of recovered cfus of Streptomyces scabies 87 among treatment groups
(Streptomyces strain 10, Streptomyces strain 93, or a 1:1 pairing of the two). These tests
were used to determine significance (α = 0.05) of adding suppressive strains of
Streptomyces (strains 10 and 93) in inoculum and determine if pathogenic populations
decreased. Post-hoc LSD tests were used for pair-wise comparisons between treatments.
RESULTS
Trial 1 + Trial 2
Both trials were analyzed together using GLM. Pathogen recovery was found to
differ by trial (d.f. = 3, 95, F = 3.922, sig. = 0.011) (Table 3.1). The trials were analyzed
separately to discover where the significant difference came from.
Trial 1
Recovered cfu’s of S. scabies 87 were not significantly different depending on
treatment (d.f. = 3, 32, F = 1.500, sig = 0.233) (Figure 3.1 and 3.2; Table 3.1).
Additionally, the non-Streptomyces bacterial population was not affected by the
treatments (d.f. 3, 35, F = 1.177, sig. = 0.334) (Figure 3.5; Table 3.5).
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Trial 2
Recovered cfus’s of S. scabies 87 were significantly different depending on
treatment (Figure 3.4, Table 3.3) (d.f. = 3, 56, F = 8.239, sig < 0.001). Least Significant
Difference was performed after the data were found to be significantly different (Table
3.4). The positive (pathogen only) control group (treatment 1) was significantly different
from both the paired (treatment 2) and Streptomyces strain 10 (treatment 10) groups
(Table 3.4). No change in native, non-Streptomyces bacteria was found due to any
treatments during Trial 2 (d.f. = 3, 56, F = 1.509, sig. 0.222) (Figure 3.6; Table 3.7).

Table 3.1. Pathogenic cfu analysis by trial.

Tests of Between-Subjects Effects
Dependent Variable: CFU by trial
Source
Type III
Sum of
Mean
Noncent. Observed
Squares
df
Square
F
Sig. Parameter
Powerb
Corrected
2.511E10
1 2.511E10 9.950
.002
9.950
.877
Model
Intercept
1.792E11
1 1.792E11 71.032
.000
71.032
1.000
Trial
2.511E10
1 2.511E10 9.950
.002
9.950
.877
Error
2.372E11
94 2.523E9
Total
4.910E11
96
Corrected
2.623E11
95
Total
a. R Squared = .096 (Adjusted R Squared = .086)
b. Computed using alpha = .05
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Table 3.2. No difference in pathogenic cfu recovery was found due to treatment in Trial
1 (d.f. = 3, 36, F = 1.50, sig. = 2.33).

Tests of Between-Subjects Effects
Dependent Variable: Pathogenic cfu recovery by treatment: Trial 1
Source
Type III Sum
Mean
Noncent.
of Squares
df Square
F
Sig. Parameter
Corrected
1.667E10 3
5.556E9 1.500 .233
4.501
Model
Intercept
2.807E10 1 2.807E10 7.582 .010
7.582
Treatment1
1.667E10 3
5.556E9 1.500 .233
4.501
Error
1.185E11 32
3.703E9
Total
1.632E11 36
Corrected
1.352E11 35
Total
a. R Squared = .123 (Adjusted R Squared = .041)
b. Computed using alpha = .05

Observed
Powerb
.358
.761
.358

Table 3.3. Pathogenic cfu recovery was different by treatment with suppressive strains of
Streptomyces during Trial 2 (d.f. = 3, 56, F = 8.239, sig. < 0.0001). Tukey’s HSD and
Dunnett’s 1-sided t-test were performed as post-hoc analyses.

Tests of Between-Subjects Effects
Dependent Variable: Pathogenic cfu recovery by treatment: Trial 2
Source
Type III Sum
Mean
Noncent.
of Squares df Square
F
Sig. Parameter
Corrected
3.125E10 3 1.042E10
8.239 .000
24.718
Model
Intercept
2.257E11 1 2.257E11 178.511 .000
178.511
Treatment2
3.125E10 3 1.042E10
8.239 .000
24.718
Error
7.080E10 56
1.264E9
Total
3.277E11 60
Corrected
1.020E11 59
Total
a. R Squared = .306 (Adjusted R Squared = .269)
b. Computed using alpha = .05
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Observed
Powerb
.989
1.000
.989

Table 3.4. The Tukey’s HSD post-hoc analysis showed that cfu recovery from Treatment
2 and Treatment 10 is significantly different from the control (sig. < 0.05). A Dunnett’s
post-hoc analysis stated that all treatments were significantly different from the mean
(sig. < 0.05).

Multiple Comparisons
Dependent Variable: Pathogen Trial 2
(I)
(J)
Trt2 Trt2 Mean Diff.
Std.
(I-J)
Error
Sig.
*
Tukey HSD
1
2
52893.33 12983.32 .001

2

10

93

10
93
1
10
93
1
2
93
1

57553.33*
29566.66
-52893.33*
4660.00
-23326.66
-57553.33*
-4660.00
-27986.66
-29566.66

12983.32
12983.32
12983.32
12983.32
12983.32
12983.32
12983.32
12983.32
12983.32

.000
.116
.001
.984
.286
.000
.984
.149
.116

95% Conf. Interval
Lower
Upper
Bound
Bound
18514.95 87271.71
23174.95
-4811.71
-87271.71
-29718.37
-57705.04
-91931.71
-39038.37
-62365.04
-63945.04

91931.71
63945.04
-18514.95
39038.37
11051.71
-23174.95
29718.37
6391.71
4811.71

2
23326.66 12983.32 .286 -11051.71 57705.04
10
27986.66 12983.32 .149
-6391.71 62365.04
*
Dunnett t
2
1
-52893.33 12983.32 .000
-25537.66
a
*
(<control)
10
1
-57553.33 12983.32 .000
-30197.66
*
93
1
-29566.66 12983.32 .034
-2210.99
Based on observed means.
The error term is Mean Square (Error) = 1264250119.048.
*. The mean difference is significant at the .05 level.
a. Dunnett t-tests treat one group as a control, and compare all other groups against it.
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Table 3.5. Non-Streptomyces cfu’s were not affected by any treatments during Trial 1
(d.f. = 3, 31, F = 1.177, sig. = 0.334).
Tests of Between-Subjects Effects
Dependent Variable: nonstreps: Trial 1
Source
Type III Sum
Mean
Noncent.
of Squares
df Square
F
Sig. Parameter
Corrected
1.381E10 3
4.604E9 1.177 .334
3.531
Model
Intercept
3.159E10 1 3.159E10 8.076 .008
8.076
Treatment1
1.381E10 3
4.604E9 1.177 .334
3.531
Error
1.212E11 31
3.911E9
Total
1.675E11 35
Corrected
1.351E11 34
Total
a. R Squared = .102 (Adjusted R Squared = .015)
b. Computed using alpha = .05

Observed
Powerb
.285
.786
.285

Table 3.6. Non-Streptomyces cfu’s were not affected by any treatments during Trial 2
(d.f. = 3, 56, F = 1.509, sig. = 0.222).
Tests of Between-Subjects Effects
Dependent Variable: nonstreps: Trial 2
Source
Type III Sum
Mean
Noncent.
of Squares df Square
F
Sig. Parameter
Corrected
3.165E9 3
1.055E9
1.509 .222
4.527
Model
Intercept
1.603E11 1 1.603E11 229.299 .000
229.299
Treatment2
3.165E9 3
1.055E9
1.509 .222
4.527
Error
3.915E10 56
6.991E8
Total
2.026E11 60
Corrected
4.232E10 59
Total
a. R Squared = .075 (Adjusted R Squared = .025)
b. Computed using alpha = .05
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Observed
Powerb
.377
1.000
.377

Figure 3.1. Pathogenic cfu recovery by treatment: Trial 1 + Trial 2. The difference in
recovery rates based on treatment with suppressive Streptomyces strain 10, suppressive
Streptomyces strain 93, or the suppressive pairing. The overlap was significant at the
95% confidence interval; Strain 10 and the pairing of Strains 10 + 93 were different from
the control. When analyzed with GLM (Table 3.1), the data were found to differ by trial.
1 = Control, 2 = 10+93, 10 = Strain 10, 93 = Strain 93.
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Figure 3.2. Difference in mean recovery rates of Streptomyces scabies 87 differed among
treatments between Trial 1 and Trial 2. Colony forming unit recovery from Trial 1 was
extremely variable but no treatments were statistically different (Table 3.1). Trial 2 had a
different mean recovery rate depending on treatment (Table 3.2). The trials were
analyzed separately (Table 3.2, 3.3).
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Figure 3.3. The recovery of Streptomyces scabies 87 cfu’s by treatment was not
significant by treatment in Trial 1 (Table 3.2). The extreme range as shown by the
confidence intervals was unable to verify that any treatment was able to significantly
decrease the pathogenic population. = Control, 2 = 10 + 93, 10 = Strain 10, 93 = Strain
93.

61

Figure 3.4. Trial 2 treatments had effects on the recovery of pathogenic cfu’s. Strain 10
and paired strains had the most affect on the recovery (sig. < 0.001, both treatments)
while treatment with Strain 93 resulted in a similar decrease in pathogen (Table 3.4).
Means with different letters are significantly different from one another using Tukey’s
HSD (Sig. < 0.05). Asterisked bars are significantly different from the control group
(Dunnett’s Test, one-tailed, sig. < 0.05). 1 = Control, 2 = 10 + 93, 10 = Strain 10, 93 =
Strain 93.
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Figure 3.5. GLM was used to analyze the recovery of cfu’s of non-Streptomyces bacteria
by treatment with suppressive strains of Streptomyces bacteria. Recovery of cfu’s of nonStreptomyces was not affected by treatments in Trial 1 (d.f. = 3, 35, F = 1.177, sig. =
0.334) (Table 3.5). 1 = Control, 2 = 10 + 93, 10 = Strain 10, 93 = Strain 93.
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Figure 3.6. GLM analysis of recovered non-Streptomyces bacteria revealed no effect by
treatments in Trial 2 (d.f. = 3, 56, F = 1.509, sig. = 0.222) (Table 3.6). 1 = Control, 2 =
10+93, 10 = Strain 10, 93 = Strain 93.
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DISCUSSION
This study explored the biocontrol strategy of using paired strains of suppressive
Streptomyces species to inhibit growth of the pathogen Streptomyces scabies. Prior
studies showed that use of paired suppressives has more detrimental effects on
pathogenic populations of Streptomyces scabies 87 than using single strains (D. Becker,
unpub.). Greenhouse growth trials were used to determine effectiveness of biocontrol
strategies after co-plate bio-assays verified the success of the proposed treatment in vitro.
This study consisted of two trials of four different treatments; a positive control
(S. scabies 87), single suppressive Strain 10, single suppressive Strain 93, and a 1:1
pairing of Strains 10 + 93. The initial ANOVA test of pooled data from Trial 1 and Trial
2 proved significant (Table 3.1), but the difference was due to trial.
Trial 1 had harsher greenhouse conditions than Trial 2 due to non-functional
greenhouse equipment. The solar shades would have moderated the temperature but
were not functional. The greenhouse was above 35°C for hours on end, and an insect
infestation of whiteflies and aphids added to the plant stress. Potato plants grew for six
weeks before senescing due to the harsh environment.
Trial 2 consisted of 15 replicate pots of each treatment, for 60 pots total. Trial 2
greenhouse conditions were less harsh on the potato plants; the shade system functioned
properly, and the trial itself occurred in the fall/winter. Temperatures were more
amicable to the cool climate preferring potato and the insect infestation did not occur.
The potato vines grew for 9 weeks, after which watering ceased, and the plants senesced.
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An interesting difference between the trials was the decrease in pathogenic
populations in Trial 1 and the large confidence interval. The large confidence interval
and underlying variation meant the treatment data were not significant. In contrast, the
recovery S. scabies 87 cfus of Trial 2 was significant by treatment, and treatments with
suppressive Streptomyces strain 10 resulted in less variation in recovery (closer
confidence intervals) of the pathogen (Figures 3.1 and 3.4). Pathogen recovery in Trial 2
was reduced when treated with Streptomyces Strain 93, but the confidence interval was
more spread out (Figures. 3.1 and 3.3). Streptomyces strain 10 may have a more
detrimental effect on the pathogen than Streptomyces strain 93 based on our results.
One benefit of using paired suppressive strains is evident when comparing Trial 1
pathogen recovery with Trial 2 (Figures 3.2 and 3.3). The paired suppressive strains
reduced the pathogen growth to such a consistent extent that the confidence interval is
small in both trials. While using a single suppressive strain confers a variable
suppression of pathogen, the pairing may cause suppression over a greater range of
environmental conditions.
The use of biocontrol agents holds a promising place in the minds of
environmentalists, agriculturalists, and researchers. The allure of a treatment regime
which requires less chemical input sounds appealing, and as a result there were many
studies attempted to understand how using biocontrol agents improves crop growth. Xu
et al. (2011) reported that of 465 studies relating to the use of biocontrol only 2% of the
studies actually showed synergisms between the biocontrol agent and the crop. However,
only one of the 465 studies involved Streptomyces species, and it investigated synergistic
effects with Bacillus species against a fungus.
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A recent study assessed proportions of Streptomyces species recovered from scab
resistant potato lines and found high proportions of non-pathogenic Streptomyces
coincide with a decrease in severity of potato scab disease (Wanner, 2007). Another
prominent study suggests that the synergism of a few suppressive Streptomyces species in
the soil and on the tuber may be less important than the microbial community near the
plant and its surrounding soil (Ryan and Kinkel, 1997; Schottel et al., 2001). This
conclusion seems to downplay the role of suppressive strains of Streptomyces. In
contrast, Liu et al. (1995) showed that pathogenic soil inoculated with scab suppressive
soil had a decline in pathogen populations for each of the four years of the study. This
decline was presumably due to the suppressive abilities of the non-pathogenic
Streptomyces strains growing in the suppressive soil. However, the study did not
explicitly investigate how many non-pathogenic Streptomyces were in the soil. It seems
logical that adding more combinations of non-pathogenic bacteria (including
Streptomyces, suppressive or not), will better aid crops against infection by pathogens
simply based on increased resource competition within the rhizosphere (Sturz et al.,
2004).
This study illustrated the ability of Streptomyces Strain 10, and to lesser extent
Streptomyces strain 93, to reduce potato scab disease causing populations of
Streptomyces scabies Strain 87 in a greenhouse soil. This study focused on the potato
scab bacteria population; more research into the effects of native soil bacteria should
occur. In a review on the efficacy of specific soil suppression, Weller et al. (2002)
posited that while specific suppression is a useful component of biocontrol, general soil
suppression may be more important, and that the microbial basics of a soil community
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(population) should be analyzed. However the classic study of Liu et al. (1995)
brilliantly exhibited how the addition of a suppressive strain of Streptomyces can
decrease pathogenic Streptomyces populations. Further isolation and identification of
such suppressive bacterial strains still holds the promise of successful biocontrol in the
agricultural scene (Weller et al., 2002).
Bacteria do not need to be suppressive in order to quell the activity of microbes.
Bacteria communicate through the use of molecules, termed “auto-inducers”, and
researchers may be able to take advantage of what the bacteria in essence “say” to one
another (Waters and Bassler, 2005). A study by Becker et al., (1997) showed how crossspecies communication and interaction is able to affect growth of the pathogenic strain S.
scabies RB4. The researchers illustrated that a broth in which a non-pathogenic strain
was raised, triggered more antibiotic production by target species. The broth was filtered,
so no microbes were present, but communication exudates (autoinducers) were available
in the medium. The molecules altered target species antibiotic production which thus
inhibited the pathogen. Could a suppressive soil be made by inundating the soil with
non-pathogenic Streptomyces species that are capable of enhancing antibiotic production
through quorum sensing? Similar studies should be performed using non-pathogenic
isolates from suppressive soils worldwide.
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Chapter 4
ANTIMICROBIAL AND PATHOGENIC ABILITY OF SIX STRAINS OF
STREPTOMYCES SPECIES RECOVERED FROM POTATO RHIZOSPHERES

ABSTRACT
Streptomyces bacteria are common soil dwellers. Many species are medically
important producers of antibiotics and several others cause agricultural diseases. This
study investigated the abilities of six suspected Streptomyces isolates that were recovered
from soil of a potato rhizosphere in a greenhouse experiment. The new strains grew on
dilution plates which were taken from these soil samples. Each of the strains was isolated
for further study due to its colony characteristic (color) and by its formation of a zone of
inhibition against the original soil microbes. The new isolates were grown on two types
of co-plate assays with S. scabies 87 and several species of microbes that cause disease in
humans to determine if they may be agriculturally or medically significant. The first
assay type used inactivated (dead) isolates overlaid with water agar to identify any antimicrobial abilities. Five killed isolates (TC, C3, G2, D3, and Olive) exhibited inhibition
against bacteria. However, S. scabies 87 sporulated better in the presence of the killed
isolate G2 during Trial 2. Olive did not inhibit S. scabies 87 during Trial 2. The second
assay type used live isolates to verify anti-microbial abilities. Four isolates (TC, G2, D3,
and Olive) inhibited bacteria during the active assay. Strain TC inhibited three species of
bacteria and isolate G2 inhibited five species of bacteria. The isolate Pinky did not
inhibit any microbes and performed β-hemolysis on blood agar plates. Finally, potato
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tuber assays were performed using the new isolates to determine pathogenicity to
potatoes; none of the isolates caused visible damage to potato tubers.
INTRODUCTION
Streptomyces are common soil bacteria and are found worldwide. Some
Streptomyces are phytopathogens, most are benign, and some are beneficial (Berdy 2005,
Chen et al., 2012). Streptomyces beneficial to humans or plants release antimicrobial
compounds into their surroundings; this behavior is thought to be a way to compete for
resources in nutrient poor but microbial rich soils. The antibiotic compounds secreted by
Streptomyces coincide with spore maturation, furthering the competition hypothesis.
Humans use the antibiotic compounds produced by various microbes, especially
Streptomyces species, to combat many diseases (Berdy, 2005). The use of biological
agents to combat disease is termed “biocontrol” and may support stronger crop growth
without the use of expensive chemicals, or the added stresses on the environment and the
applicators. Research using Streptomyces as protective measures has shown promising
results. By inoculating soil with antibiotic producing strains of Streptomyces, termed
“suppressives”, researchers were able to decrease populations of the disease causing
bacteria Streptomyces scabies 87 (Liu et al., 1995; Lorang et al., 1995).
Streptomyces species provide nearly 70% of all antibiotics used by mankind
(Berdy, 2005). It is estimated that each species may provide a unique antimicrobial
compound and some researchers hypothesize that each may produce several more. The
highly plastic nature of the Streptomyces genome suggests that there are possibly
hundreds to thousands of new, medically significant compounds that are unidentified
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(Hranueli et al., 2005; Clardy et al., 2006). Searching for novel strains of Streptomyces
and other bacteria is termed “bioprospecting”.
Bioprospecting consists of sampling and screening for microbes and their
products from a variety of environments (Liu et al., 2012). Bioprospectors have sampled
various environments since the early 2000’s and current researchers focus on extreme
habitats and under-sampled areas, such as coral reefs (Goodfellow and Fiedler 2010;
Nithyanand et al., 2010). Nithyanand et al., (2010) showed that an extract from seawater
containing Actinomyces bacteria was able to greatly decrease biofilm formation of S.
pyogenes, but the extracts were not anti-microbial.
While conducting our study of biological control (Chapters 2 & 3) we isolated six
strains (D3, C3, G2, TC, Pinky, and Olive) of suspected Streptomyces species which
exhibited varying degrees of antibiotic production. These strains were found through
serially diluting soil samples obtained from the potato rhizosphere in greenhouse
experiments. The experiments in this chapter: 1) describe each new strain’s ability to
inhibit selected pathogens, 2) physical appearance, 3) and the new strains ability to cause
damage on potatoes.
MATERIALS AND METHODS
Antagonist assays – Inactive (killed) isolates
The antibiotic abilities of various Streptomyces species are well documented.
This portion of the study was performed to find out if the suspected Streptomyces isolates
produced antibiotics that would hinder or stop the growth of six common microbes:
Escherichia coli, Bacillus cereus, Candida albicans, Staphlyococcus aureus,
Pseudomonas aeruginosa, and Serratia marcescans. The microbes selected commonly
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cause disease on burn victims and people with depressed immune systems (Black, 2012).
Also tested were the isolates’ abilities to stop growth of S. scabies 87: the causal agent of
potato scab disease (Loria et al., 1995). Thawed spore suspension was used to inoculate
co-plates with Streptomyces strains recovered from a greenhouse soil. Two 20 μL of
each suspension were spot inoculated onto an OA plate. The inoculated plates were
incubated for five days at 29°C. After the growth period, the plates were placed over
watch glasses filled with three mL of chloroform to inactivate colonies and spores. The
plates were inverted after 40 minutes, given 10 minutes to dry, and overlaid with 10 mL
of 1% water agar. The plates sat for at least 12 hours while the agar solidified and were
inoculated using a cotton-swab dipped in a 24-hr-old culture of the common pathogens.
The inoculated plates were placed in either the 29°C incubator (C. albicans and S. scabies
87), or the 37°C warm room (all others) and allowed to grow for 48 hours.
Antagonistic assays – Active (live) isolates
The second portion of the antagonistic assay tested live Streptomyces isolates
abilities to stop growth of common pathogens. The isolates were spread plated on OA
plates with sterile cotton swabs and incubated for 96 hours at 29°C. Roughly 25% of the
plate was inoculated. Blood agar plates were also used to see if any isolates were able to
lyse red blood cells.
The antagonists were applied with sterile capillary tubes (Kimble Chase™)
dipped in the inoculated media and streaked laterally to the 24-hour-old culture of isolate
(Figure C.1). Capillary tubes provided an inoculation streak with greater precision than
would be possible with a sterile loop or cotton swab. Inoculated plates were incubated at
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29°C for 48 hours. The statistics program PASW was used to calculate the mean and
standard deviation of zones of inhibition that were measured with a ruler.
Pathogenicity assays: Tuber slice method
The tuber slice method was adapted from Loria et al., (1995) where potato tubers
(cv. Russet Burbank) were peeled, sterilized in 0.05% NaOCl and 0.1% CaCO3 for three
minutes while stirring, and then rinsed twice with sterile H2O. The peeled tubers were
cored using a sterile 1.0 cm diameter soil corer and cut into 0.5 cm thick slices using
single use, sterile scalpels. Three tuber slices were placed into a sterile petri dish and a
0.5 cm diameter plug of a 7-day-old culture of isolate was placed on each slice, with the
colony side touching the tuber slice surface. Five replicate plates were made of each
treatment. A 0.5 cm corer was used to cut agar plugs out of 7-day-old cultures of the new
isolates. This process was performed for each of the isolates. Control plates were made
by placing of the following items atop potato slices in 5 replicate plates: a 0.5 cm plug of
S. scabies 87 (+ control), filter paper with Thaxtomin A (0.2 mg/mL) (+ control), filter
paper with Thaxtomin A (1mg/mL) (+ control), OA (- control), and filter paper with
methanol (100%) (- control). The petri plates were placed on a bench top at 22°C for ten
days and covered with a metal dissecting pan. An open petri plate was filled half way
with distilled water and placed with the petri dishes to keep humidity high. Tuber slices
were visually assessed for discoloration due to any of the treatments.
RESULTS
TC - Isolate TC inhibited two bacterial species during the inactivate assay: Bacillus
cereus and Streptomyces scabies 87 (Table 4.1). The isolate inhibited B. cereus, S.
scabies 87, and E. coli in the active assays (Tables 4.2-4). Isolate TC did not cause
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damage to the potato tubers during the tuber slice assay (Figure C.18). Isolate TC does
not lyse red blood cells (not shown).
C3 – Inactivated isolate C3 inhibited one species: S. scabies 87 (Table 4.3). The isolated
did not inhibit any strains during the active assay (Tables 4.2-4.4). C3 did not cause
damage to the potato tubers during the tuber slice assay (Figure C.19). Isolate C3 does
not lyse red blood cells (not shown).
G2 – Inactivated isolate G2 inhibited S. aureus and S. scabies 87 (Table 4.1). However,
S. scabies 87 grew better over the G2 colony during the second non-activated trial
(Tables 4.2-4.4). Isolate G2 inhibited 5 microbes during the active assay. Isolate G2 did
not damage any potato tubers in the tuber slice assay (Figure C.21). Isolate G2 does not
lyse red blood cells (not shown).
D3 – Inactivated isolate D3 inhibited B. cereus and S. scabies 87 (Table 4.1). However,
active isolate D3 only inhibited S. scabies 87 (Tables 4.2-4.4). Isolate D3 did not cause
damage to the potato tuber slices during the tuber slice assay (Figure C.17). Isolate D3
does not lyse red blood cells (not shown).
Pinky – The isolate Pinky did not inhibit any of the 7 microbes during the inactive or
active assays (Tables 4.1-4.4). The isolate Pinky did not cause damage to potato tubers
during the slice assays (Figure C.22). The isolate Pinky performed β-hemolysis on blood
agar plates (C.12).
Olive – The Olive isolate inhibited S. scabies 87 during the first trial, but not the second
(Table 4.1). The Olive isolate inhibited B. cereus and S. scabies 87 during the active
assays (Tables 4.2-4.4). The Olive isolate did not cause damage to the potato tubers
during the final assay (C.20). Olive does not lyse red blood cells (data not shown).
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DISCUSSION
Each of the new isolates had been recovered from an experimental soil that was
infected with Streptomyces scabies 87. Each isolate was originally noticed because it
formed a zone of inhibition on OA spread plates that not only contained the test strains
(S. scabies 87, Streptomyces strain 10, and Streptomyces strain 93), but also multiple,
unidentified bacterial species (including a Bacillus species). Bacteria that exhibited
inhibition abilities may be pharmaceutically useful. However, I also wanted to make sure
that the new isolates were not pathogenic to potatoes.
I tested the antibiotic abilities of each of the isolates in two ways; I tested the
inactive (dead) isolates and then tested active (live) isolates. Five of the isolates
produced some form of metabolite capable of reducing the growth of other microbes
without previous exposure (Table 4.1). Because none of the isolates were exposed to
other microbes while they were alive, the inhibition done during this experiment verified
that the isolates produce at least one antibiotic compound without need of autoinducer
(AI) activation.
I also tested the isolates’ abilities to inhibit growth of microbes through quorum
sensing. If the isolate sensed the other microbes and created antibiotics, then I could
measure a zone of inhibition extending from the new isolate to the tested microbe. Many
of the isolates created a zone of inhibition (Table 4.2). The isolates TC, G2, and Olive
each inhibited the potato scab pathogen, but TC and G2 also inhibited other bacterial
species (Tables 4.2-4.4). The Olive isolate inhibited the potato scab pathogen the best
(Table 4.3 and 4.4) but isolate G2 inhibited the broadest range of bacteria (five species).
These strains produced zones of inhibition when exposed to live bacterial species. This
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implies that the exposure to foreign AI’s triggered their antibiotic production. Isolate D3
didn’t inhibit much as a live isolate; it likely needed more time to mature to produce
antibiotics.
Many microbial colonies were hard to see on the OA plates, and the active isolate
experiment was repeated twice (for demonstrative purposes only) using blood agar. The
inhibition by the isolates was easier to see on blood agar plates. In addition, it revealed
that Pinky performed β-hemolysis on blood agar plates (Figure C.12). If Pinky is capable
of lysing red blood cells, it may be capable of causing disease in humans or animals. No
other isolates lysed the blood agar plates.
The final experiment tested the ability of the new isolates to cause disease on
unprotected potato tissue. The interior tissues of potato tubers do not have the thick
periderm to protect them, and are a relatively easily acquired source of nutrition to any
microbe. None of the new isolates caused damage to the tubers, while pure thaxtomin A
(1mg/mL) and S. scabies 87 did. The 0.2 mg/mL control did not cause tuber damage;
this concentration must be below the threshold necessary to cause tuber disease.
FUTURE RESEARCH
The isolates G2, TC, and Olive produced zones of inhibition against S. scabies 87,
and Olive consistently produced the largest zone. Future studies on biocontrol may use
the Olive isolate and explore its biocontrol abilities further, perhaps even pairing it with
Streptomyces strains 10 and 93.
Isolate G2 produced broad spectrum inhibition; not only did it inhibit S. scabies
87, but also B. cereus (over 1.0 cm of inhibition, in both trials), E. coli, S. aureus, and P.
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aeruginosa. The isolate G2 may be a pharmaceutically significant source of novel
antibiotics.

Table 4.1. Inhibitory effects (Trial 1/Trial 2) of inactive soil Streptomyces isolates on
common microbes. The soil bacteria were isolated from growth trial pots using serial
dilution. A “+” denotes formation of a zone of inhibition and a “-“denotes formation of a
zone of inhibition and a “-“denotes no zone. The original soil was taken from a cow
pasture in Chatham, MI and steam pasteurized prior to experimentation.
Inhibitory effects of inactive isolates on several types of microbes
Trial 1/Trial 2 (5 replicates per trial)
Microbe
TC
C3
G2
D3
Pinky
Olive
B. cereus
+/+
-/-/+/+
-/-/C. albicans
-/-/-/-/-/-/S. scabies 87
+/+
+/+
+/*
+/+
-/+/E. coli
-/-/-/-/-/-/S. aureus
-/-/+/+
-/-/-/S. marcescans
-/-/-/-/-/-/P. aeruginosa
-/-/-/-/-/-/* = S. scabies grew better over colony G2 during Trial 1
Table 4.2. The inhibitory abilities of six new isolates vs. seven common microbes. The
isolates which formed a zone of inhibition are noted with a “+”. The results from Trial 1
and Trial 2 appear in the table.
Inhibitory effects of active isolates on several types of bacteria
Microbe
TC
C3
G2
D3
Pinky
Olive
B. cereus
+/+
-/+/+
-/-/+/+
C. albicans
-/-/-/-/-/-/S. scabies 87
+/+
-/+/+
+/+
-/+/+
E. coli
+/+
-/+/+
-/-/-/S. aureus
-/-/+/+
-/-/-/S. marcescans
-/-/-/-/-/-/P. aeruginosa
-/-/+/+
-/-/-/-
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Table 4.3. The zones of inhibition around each isolate during the antagonist assays using
live isolates from Trial 1. Olive inhibited S. scabies 87 the best while G2 had the
broadest spectrum of inhibition.

Trial 1
B. cereus

Zones of Inhibition of Isolates vs. Antagonists Assay (cm)
TC
C3
G2
D3
Pinky

Olive

0.32 ± 0.04

0.00

1.3 ± 0.13

0.00

0.00

0.82 ± 0.14

0.00

0.00

0.00

0.00

0.00

0.00

S. scabies 87

0.58 ± 0.15

0.00

0.68 ± 0.20

0.27 ± 0.15

0.00

1.43 ± 0.18

E. coli
S. aureus

0.08 ± 0.04
0.00

0.00
0.00

1.0 ± 0.34
0.83 ± 0.35

0.00
0.00

0.00
0.00

0.00
0.00

S. marcescans

0.00

0.00

0.00

0.00

0.00

0.00

P. aeruginosa

0.00

0.00

1.0 ± 0.36

0.00

0.00

0.00

C. albicans

Table 4.4. The average zones of inhibition around each isolate during Trial 2 of the live
antagonist assays. Olive inhibited S. scabies 87 the best while G2 had the broadest
spectrum of inhibition. Isolates Pinky and C3 did not inhibit any species of microbe in
either trial.
Zones of Inhibition of Isolates vs. Antagonists Assay (cm)
Trial 2
TC
C3
G2
D3
Pinky
Olive
B. cereus
0.37 ± 0.07 0.00 1.27 ± 0.36
0.00
0.00 0.76 ± 0.16
C. albicans
0.00
0.00
0.00
0.00
0.00
0.00
S. scabies 87
0.76 ± 0.14 0.00 0.71 ± 0.11 0.21 ± 0.16 0.00 1.16 ± 0.31
E. coli
0.23 ± 0.05 0.00 0.59 ± 0.21
0.00
0.00
0.00
S. aureus
0.00
0.00 0.70 ± 0.34
0.00
0.00
0.00
S. marcescans
0.00
0.00
0.00
0.00
0.00
0.00
P. aeruginosa
0.00
0.00 0.77 ± 0.28
0.00
0.00
0.00
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CONCLUSIONS

The first chapter of this thesis covered background information on the common
potato: Solanum tuberosum, and the potato (common) scab pathogen: Streptomyces
scabies. This chapter also detailed methods commonly used by growers to prevent and
control potato scab disease and the costs associated with each. The concept of biocontrol
was also introduced, and how the growth of potatoes worldwide could benefit from using
suppressive strains of Streptomyces species as biocontrol agents.
Chapter two detailed the experiments which used two strains of suppressive
bacteria added to a pathogenic soil as a method of biological control. The goal of adding
the suppressive strains to the soil was to decrease or wholly stop potato scab disease on
the host potato tubers. Trial 1 and Trial 2 differed in greenhouse conditions, but neither
trial showed significant biocontrol by treatment. My study does not support the disease
reduction abilities of Streptomyces strain 93, first reported by Liu et al. (1995)
The third chapter detailed recovery of the Streptomyces strains from the
pathogenic soil. I added suppressive strains of bacteria to the soil, specifically to
determine if pairing of the strains would induce growth suppression of potato scab
bacterial populations and thus potato scab disease. The trials report that under optimal
potato growth conditions the suppression was better using the pairing of Streptomyces
strains 10 and 93, but under arid, hotter conditions suppression was limited. This is an
interesting finding because potato scab disease occurs in soils with less optimal water
availability.
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The fourth chapter detailed experimentation used to determine antibiotic and
pathogenic capabilities of six suspected new Streptomyces strains recovered from
experimental greenhouse soil. Two of the strains seemed to create antibiotic agents
capable of stopping growth of several species of common bacteria while four of the
strains showed some degree of inhibiting S. scabies growth.
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APPENDIX A: MEDIA PREPARATION

Cycloheximide
Ingredient__________________________________________
Cycloheximide

per L dH2O
50 μ L

Cycloheximide solution is added to OATA at a concentration of 100 mg/L by adding one
mL of stock solution to one L of agar. The working solution is made at a concentration
of 100,000 ppm.
Cycloheximide stock solution is made by adding one ml of original solution to 99 mL of
distilled water. The solution is filter sterilized using a 0.45 μm syringe filter.

Brain Heart Infusion (BHI) Broth
Ingredient__________________________________________
Brain Heart Infusion

per L dH2O
37 g

The brain heart infusion broth was made by adding 37 g of BHI powder to 1L of distilled
water. The solution was mixed using a magnetic stirbar and poured into 1L Pyrex™
bottles and autoclaved for 40 minutes at 121 °C. The bottles were labeled and stored at
room temperature for later use.

Nystatin (10,000 ppm)
Ingredient__________________________________________
per L DMSO
Nystatin
10 g
The nystatin solution was mixed into dimethyl sulfoxide (DMSO) immediately before
use. Nystatin solution was filter sterilized with a 0.45 μm nylon Acrodisc™ syringe filter
and added directly to the agar prior to pouring.
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Oatmeal Agar (OA)
Ingredient_____________________________________________per L dH2O
Agar
15 g
Baby oatmeal (finely ground)
20 g
Casamino acids
1.0 g
Gerber’s brand Baby oatmeal flakes were finely ground using a blender and added to 1 L
of distilled water in a 2 L Erlenmeyer flask. The agar and casamino acids were added
and mixed using a magnetic stir bar and the solution was brought to near boiling. The
agar was autoclaved for 40 minutes at 121 °C. Agar was poured into Fisherbrand 100 x
15 mm petri plates as needed.
Oatmeal Agar + Tyrosine (OAT)
Ingredient
Agar
Baby oatmeal (finely ground)
Casamino acids
Tyrosine

per L d H2O
15 g
20 g
1.0 g
5.0 g

OA was prepared as above. Additionally, 5.0 g of tyrosine was added to the agar
solution. The OAT agar was sterilized and poured in Fisherbrand 100 x 15 mm petri
plates as needed.
Oatmeal Agar + Tyrosine + Antibiotics (OATA)
Ingredient
Agar
Baby oatmeal (finely ground)
Casamino acids
Cycloheximide (100,000 ppm)
Penicillin (10,000 ppm)
Polymyxin B (10,000 ppm)
Nystatin (10,000 ppm)

per L d H2O
15 g
20 g
1.0 g
1.0 mL
100 μL
10 μL
10 mL

OAT was prepared as per directions above. The antibiotics were added after the agar was
sterilized and cooled to approximately 50 °C. The antibiotics added were 100,000 ppm
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cycloheximide (see recipe), 10,000 ppm cycloheximide (see recipe), 10,000 ppm
polymyxin B (see recipe), and 10,000 ppm nystatin (see recipe). OATA was poured into
Fisherbrand 100 x 15 mm petri plates as needed.
Oatmeal Broth (OB)
Ingredient
Baby oatmeal (finely ground)
Casamino acids

per L d H2O
20 g
1.0 g

OB is prepared by mixing the oatmeal and casamino acid with distilled water in a 2 L
Erlenmeyer flask. A magnetic stir bar is used to thoroughly mix the ingredients. The
broth is autoclaved for 40 minutes at 121 °C.
Penicillin (10,000 ppm)
Ingredient
per L d H2O
Penicillin
10 g
Room temperature penicillin was mixed into distilled water. The solution was filter
sterilized using a Millipore® apparatus with a 0.2 μL filter pad. The sterilized solution
was stored at 4 °C until needed.
Polymyxin B (10,000 ppm)
Ingredient
Polymyxin B

per L d H2O
10 g

Polymyxin B was mixed into distilled water and filter sterilized using a Millipore®
apparatus with a 0.2 μL filter pad. The filtered solution was labeled and stored at 4 °C
until use.

87

Yeast Extract Lauryl Sulfate (YELS) Broth
Ingredient
per L d H2O
Yeast extract
60 g
Lauryl sulfate
0.5 g
Yeast extract and lauryl sulfate were added to distilled water and mixed on a hotplate
with a magnetic stir bar. The broth was poured into 1 L Pyrex® bottles and autoclaved
for 40 minutes at 121 psi.
Water Agar
Ingredient
per L d H2O
Agar
10 g
Agar was dissolved in distilled water on a stir plate, using a stir bar. The solution was
placed into 1 L Pyrex® bottles and autoclaved for 40 minutes at 121 psi.
0.2% Gellan Gum Solution
Ingredient
Gellan gum

per L d H2O
20 g

Gellan gum (Sigma Chemical Co.) was mixed with 500 mL of distilled water using a stir
bar. This solution was then autoclaved for 40 minutes at 121 °C.

20% Glycerol Solution
Ingredient
Glycerol

per L d H2O
200 mL

The solution was made using glycerol and distilled water to produce a 20% glycerol
solution. The medium was heated and mixed using a magnetic stir bar and autoclaved for
40 minutes at 121 °C.
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APPENDIX B: LIST OF TERMS

ANOVA – Analysis of Variance: A statistical test used in multiple sections of the study.
BHI – Brain heart infusion broth: used to raise various bacteria used in this thesis. See
recipe.
CC – cubic centimeter: A unit of volume equivalent to one milliliter of fluid.
CFU - colony forming unit: A spore which gives rise to a single bacterium.
EtOH – Ethyl alcohol: A disinfecting agent typically mixed at 70% with distilled water.
GLM – General linear modeling: A statistical test used in this thesis.
Inoculum - Any mixture of media containing cfu’s.
Isolates – For this thesis, isolate refers to strains of bacteria that are suspected to belong
to the genus Streptomyces, isolated by serial dilution from Chapter 2.
LSD – least significant difference: A statistical test used in portions of this thesis.
OA – Oatmeal Agar: used to raise bacteria from the Streptomyces species. See recipe.
OAT – Oatmeal Agar + Tyrosine: used to raise bacteria from the Streptomyces species.
Several Streptomyces species are able to break down tyrosine and synthesize
melanin that stains the agar a dark color. OAT is a type of differential media.
See recipe.
OATA – Oatmeal Agar + Tyrosine + Antibiotics: OAT with additions of 4 antibiotics;
Cycloheximide (100,000 ppm), Penicillin (10,000 ppm), Polymyxin B (10,000
ppm), and Nystatin (10,000 ppm). This agar is used to recover cfu’s from soil
samples. See recipe.
Perlite – A volcanic glass that loosens soil without adding nutrients.
Rhizosphere – The area underground where the plant roots and various microbes interact.
Vermiculite – A hydroponic growing medium that adds no nutrient value. In this thesis
vermiculite is used to raise inoculum of the Streptomyces strains by adding it with
oatmeal broth.

89

APPENDIX C: ISOLATE INVESTIGATION PICTURES

Figure C.1: Diagram of co-plate assays used to determine abilities of Streptomyces
isolates to inhibit growth of the microbes.
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Figure C.2. A co-plate assay of dead Streptomyces isolate D3 overlain with S. scabies
87. The sporulation of S. scabies 87 was uneven; most noticeable was the non-growth of
the pathogen directly over the new isolate.

Figure C.3. A co-plate assay of inactivated Streptomyces isolate G2 overlain with S.
scabies 87. The sporulation of pathogenic S. scabies 87 was not stopped by isolate G2.

91

Figure C.4. A co-plate assay of Streptomyces isolate “Olive” overlain with S. scabies 87.
The isolate appeared to inhibit the pathogen in the first trial. Each plate of the second
trial had a “halo” of enhanced pathogen sporulation.

Figure C.5. A co-plate assay of Streptomyces isolate C3 overlain with S. scabies 87. The
sporulation of the pathogen was inhibited nearest the isolate and very few colonies S.
scabies 87 grew directly over the isolate.
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Figure C.6. A co-plate assay of dead isolate Pinky overlaid with pathogen.

Figure C.7. A co-plate assay of Streptomyces isolate TC overlain with S. scabies 87. The
sporulation of S. scabies 87 was decreased surrounding the colonies, and no pathogen
grew directly over the isolate.
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Figure C.8: A typical antagonistic assay plate of Pinky vs. plate type “A”. No inhibition
of any antagonists was observed by isolate Pinky in either trial.

Figure C.9. A typical antagonistic assay plate type “A”. The zone of inhibition caused
by the isolate G2 on the antagonistic strains is visible.

94

Figure C.10. The antagonistic Plate type “B”. The three antagonist species show no
inhibition by Pinky.

Figure C.11: The antagonistic C3 plate type “B”. Serratia. marcescans (red) growing
less vibrantly when near the C3 colony; C3 may be producing something to inhibit the
bacteria. No effect was seen vs C. albicans (middle; whitish). Streptomyces scabies 87
was not inoculated well and was repeated.
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Figure C.12. Isolate Pinky (bottom) caused β – hemolysis on blood agar plates. The
isolate forms a compound that lyses red blood cells. Hemolysis can be important in the
microbe’s ability to cause disease.

Figure C.13. A negative control assay. The sterile disk was applied with 100% methanol
to a tuber slice. No damage to the tuber surface is visible.
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Figure C.14. A positive control assay using 0.2 mg/mL thaxtomin did not cause tuber
damage. No “thaxtomin halo” is evident in this figure.

Figure C.15. A positive control using pure thaxtomin applied to a filter disk. The
concentration of the phytotoxin was 1.0 mg/mL dissolved in 100% methanol. A
“thaxtomin halo” is evident. The halo is damaged tuber tissue.
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Figure C.16. A positive control using a plug of S. scabies 87. The tuber slice is
discolored due to thaxtomin secretion by the pathogen.

Figure C.17. A potato tuber slice with a 10-day-old plug of Streptomyces strain D3 on
top. No tuber damage is visible and Strain D3 is considered non-pathogenic to potatoes.
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Figure C.18. A potato tuber slice with a plug of 10-day-old Streptomyces strain TC on
top. The strain has caused no damage to the potato tuber. Strain TC is considered nonpathogenic to potatoes.

Figure C.19. A potato tuber slice with a plug of Streptomyces strain C3 placed on top.
No thaxtomin is evident on the tuber and the strain caused no damage after 10 days.
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Figure C.20. A potato tuber slice with a plug of Streptomyces strain Olive placed on top.
No tuber damage is noticeable 10 days post inoculation and the strain appears to be nonpathogenic to potatoes.

Figure C.21. A potato tuber slice with a plug of Streptomyces strain G2 placed on top.
No damage to the tuber is noticeable and the strain has not produced any thaxtomin.
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Figure C.22. A potato tuber slice with a plug of Streptomyces strain Pinky placed on top.
The plug caused no damage to the tuber after 10 days of growth.
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